Introduction
The concept of myeloproliferative disorders was developed by Dameshek in a visionary editorial, in which he described these conditions as being characterized by excessive proliferation of hematopoietic precursors in the bone marrow and excessive production of mature blood cells. 1 The term "neoplasm" was introduced in 2008 by the authors of the WHO Classification of Tumours of Haematopoietic and Lymphoid Tissues to underscore the clonal nature of myeloproliferative disorders. 2 The 2016 revision to the World Health Organization (WHO) classification of myeloid neoplasms includes the following myeloproliferative neoplasms (MPNs) 3 : chronic myeloid leukemia (CML), BCR-ABL1 1 ; chronic neutrophilic leukemia; polycythemia vera (PV); primary myelofibrosis (PMF); essential thrombocythemia (ET); chronic eosinophilic leukemia, not otherwise specified; and MPN, unclassifiable. Because of their overlapping features, PV, ET, and PMF have been traditionally grouped into the category of Philadelphia-negative classical MPNs. In 2005, the identification of a unique base substitution in JAK2, the gene encoding Janus kinase 2, in patients with PV, ET, and PMF provided a unifying genetic basis for these disorders. [4] [5] [6] [7] Our understanding of the genetic basis of classical MPNs further improved with the identification of somatic mutations of MPL in patients with ET or PMF, 8 of JAK2 exon 12 mutations in patients with PV or idiopathic erythrocytosis, 9 and more recently of somatic mutations of CALR in patients with ET or PMF. 10, 11 For a comprehensive analysis of the molecular pathophysiology of classical MPNs, the reader is referred to the review article by Vainchenker and Kralovics in this issue.
The 2016 revision of the WHO classification of classical MPNs
The WHO diagnostic criteria for classical MPNs have been recently revised 3, 19 ; the main features are summarized in Table 1 , whereas detailed criteria for the different nosologic entities are reported in Table 2 .
WHO classification of classical MPNs
Abnormalities of peripheral blood cell count and alterations of bone marrow morphology represent major components of the WHO diagnostic criteria for classical MPNs. Thrombocytosis is a major criterion for diagnosis of ET, although this abnormality may be found in all MPNs, and the diagnostic approach to ET primarily involves differential diagnosis of thrombocytosis, as described in detail elsewhere. 20 Erythrocytosis is a major diagnostic criterion for PV, and the diagnostic approach to PV primarily involves differential diagnosis of erythrocytosis: however, marginally elevated hemoglobin levels may be found both in JAK2 (V617F)-mutant ET and PMF. Leukocytosis may be found in MPN patients with advanced disease, and overall represents an unfavorable prognostic factor. Patients with PMF may present various combinations of blood "cytosis" and cytopenia, but many of them present with anemia, and therefore the diagnostic approach to PMF typically involves differential diagnosis of anemia. 21 Figure 1 illustrates representative abnormalities of bone marrow biopsy in patients with classical MPNs. In ET, bone marrow cellularity is normal or sometimes even slightly reduced, and the most apparent abnormality is megakaryocytic proliferation with increased numbers of enlarged, hyperlobulated megakaryocytes. In PV, bone marrow is hypercellular for age with trilineage proliferation, a pattern defined as panmyelosis. In prefibrotic/early PMF (prePMF), bone marrow biopsy shows megakaryocytic proliferation combined with increased ageadjusted bone marrow cellularity and granulocytic proliferation. In overt PMF, megakaryocytic proliferation and atypia are typically combined with either reticulin and/or collagen fibrosis.
In the 2016 revision of the WHO classification, 3 the diagnostic criteria for ET have been only slightly modified with the inclusion of CALR mutation. In addition, the revised WHO criteria underscore the importance of differentiating "true" ET from prefibrotic PMF as these 2 entities have different clinical outcomes. 17 As illustrated in Figure 1 , bone marrow biopsy is of fundamental importance for distinguishing between ET and prefibrotic PMF (see also "Prefibrotic/early PMF" later in text).
The diagnostic criteria for PV have been substantially modified in the 2016 revision. The hemoglobin or hematocrit thresholds for diagnosis of PV have been lowered (16.5 g/dL or 49% in men, and 16.0 g/dL or 48% in women, respectively), whereas bone marrow morphology has been upgraded to a major diagnostic criterion. Hemoglobin and hematocrit thresholds have been lowered mainly with the purpose of distinguishing JAK2-mutant ET from the socalled masked PV. 22, 23 However, rigorous application of the new 
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Prefibrotic PMF
• Various abnormalities of peripheral blood
• Granulocytic and megakaryocytic proliferation in the bone marrow with lack of reticulin fibrosis
• JAK2 (V617F) in 60%-65% of patients
• CALR exon 9 indels in 25%-30% of patients
• MPL exon 10 mutations* in about 4%-5% of patients
• Noncanonical MPL mutations* in ,1% of patients
• About 5%-10% of patients do not carry any of the above somatic mutations (the so-called triple-negative cases)
• PMF is associated with the greatest symptom burden and the worst prognosis within MPNs, with a variable risk of progression to AML
• CALR-mutant PMF is associated with longer survival compared with other genotypes AML, acute myeloid leukemia. *Canonical MPL exon 10 mutations include W515L/K/A/R, S505N/C, and V501A (transmembrane domain of MPL); noncanonical MPL mutations (outside exon 10) include T119I, S204F/P, E230G, Y252H (extracellular domain) and Y591D/N (intracellular domain). 12 BLOOD, 9 FEBRUARY 2017 x VOLUME 129, NUMBER 6 CLASSICAL MYELOPROLIFERATIVE NEOPLASMS 681
For personal use only. on March 16, 2017 . by guest www.bloodjournal.org From hemoglobin threshold for men (16.5 g/dL) might increase the number of "potential" PV patients by up to 12-fold. 24 In clinical practice, the use of a hemoglobin threshold of 17.0 g/dL (upper normal limit) in men, and consideration of other abnormalities of complete blood cell count (that is, thrombocytosis and/or leukocytosis) in subjects with hemoglobin levels between 16.5 and Presence of at least 1 of the following, confirmed in 2 consecutive determinations:
• Anemia not attributed to a comorbid condition The information is from Arber et al. 3 BM, bone marrow.
17
.0 g/dL, might represent a better compromise between the need of diagnosing PV early and the risk of considerably expanding the number of "potential" PV patients. Another debatable point is the possibility, provided by the revised WHO criteria, of diagnosing PV without any evidence of a driver mutation: all patients diagnosed with PV at our institution since 2005 carried JAK2 (V617F) (96%) or a JAK2 exon 12 mutation (4%).
Prefibrotic/early PMF
This condition was included in the 2008 WHO classification of myeloid neoplasms as a prodromal phase of PMF, but no specific diagnostic criteria were defined at that time. 25 The 2008 description was primarily focused on hypercellularity with an increased number of neutrophils and atypical megakaryocytes: megakaryocyte atypia included "cloudlike" and "balloon-shaped" nuclei. The revised criteria undoubtedly represent a useful tool for clinicians.
Most patients with prePMF present with thrombocytosis, 26 and therefore the diagnostic approach typically implies a differential diagnosis with ET. Bone marrow biopsy represents the most important criterion for distinguishing between these 2 MPNs, as illustrated in Figure 1 . In addition, diagnosis of prePMF requires the presence of at least 1 of the following minor criteria (Table 2) : (1) anemia not attributed to a comorbid condition; (2) leukocytosis (white blood cell [WBC] count $11 3 10 9 /L); (3) palpable splenomegaly; (4) lactate dehydrogenase (LDH) level increased to above upper normal limit of institutional reference range. The available evidence suggests that prePMF is a presentation mode of PMF, 26 and that the clinical outcome of PMF patients is worse than that of ET patients 17 but better than that of PMF patients 26 : these observations signify the importance of distinguishing between these different conditions.
In clinical practice, not uncommonly, one may face a patient who presents with thrombocytosis, has a bone marrow biopsy suggestive of prePMF but lacks any of the minor criteria listed in Table 2 . These patients should be provisionally diagnosed with MPN, unclassifiable. 3 Patients meeting the WHO criteria for MPN but lacking a driver mutation
Patients with a PV phenotype apparently lacking JAK2 (V617F) or an exon 12 mutation are extremely rare in our experience. Facing such a patient, the differential diagnosis process should be reassessed ab initio. A small clone of hematopoietic cells carrying a JAK2 exon 12 mutation might be the underlying molecular basis. 27 Atypical, germ line mutations of JAK2 may be responsible for hereditary erythrocytosis and may also cooperate with JAK2 (V617F).
28,29
About 10% of patients with ET and 5% to 10% of those with PMF meet the WHO criteria for MPN but have no evidence of a canonical somatic mutation in 1 of the 3 drivers, that is, JAK2, CALR, or MPL: these patients are defined as triple negative. A few triple-negative patients with ET carry activating mutations of MPL outside exon 10 (Table 1) , and these noncanonical mutations may be either somatically acquired or inherited.
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About 5% to 10% of patients with PMF are triple negative and have poor clinical outcome (see "Risk stratification in PMF"). According to WHO criteria, 3 in the absence of any of the 3 driver mutations, clinicians should search for the most frequent accompanying mutations (eg, ASXL1, EZH2, TET2, IDH1/IDH2, SRSF2, SF3B1) to determine the clonal nature of the disease. Indeed, triple-negative PMF is similar to the myelodysplastic syndrome associated with bone marrow fibrosis, a condition characterized by hypercellular bone marrow, multilineage dysplasia, severe cytopenia involving high transfusion requirement, unfavorable cytogenetics, and poor survival. 32 Bone marrow fibrosis can be driven by somatic mutation of myeloid tumor-suppressor genes like EZH2 33 or SRSF2, 12 and therefore this abnormality is not infrequent in myeloid neoplasms other than PMF. Patients with triple-negative PMF should be investigated using a gene panel sequencing approach, 34 and exclusion of the BCR-ABL1 rearrangement is important in these cases.
Identifying familial cases of MPNs: how to deal with the issue of genetic predisposition
In our experience, about 7% to 8% of patients with an apparently sporadic MPN belong to familial trees with at least 2 cases of MPN: these represent familial MPNs, in which the somatic mutation in the MPN driver gene has likely been acquired as a result of genetic predisposition. [35] [36] [37] [38] Although this predisposition has been molecularly defined only in few families so far (Figure 2) , 28,39,40 identifying familial cases of MPNs may allow early diagnosis of these myeloid malignancies in other individuals. In our clinical practice, 20 we interview all MPN patients to find out if there is a family history of these disorders. In familial trees with at least 2 cases of MPN, we suggest performing a complete blood cell count in all apparently healthy relatives with the aim of identifying an early asymptomatic MPN phenotype.
Recent studies have identified germ line MPN-predisposition alleles on a population level. 41, 42 These observations are extremely important to understand how the expansion of mutant clones is influenced by heritable genetic polymorphisms present in the host's genome, 43 but should not be used at present for estimating the risk of developing an MPN in individual subjects.
Distinguishing hereditary disorders attributable to germ line JAK2 or MPL mutation from MPNs
Hereditary thrombocytosis may be associated with germ line mutations in THPO, the gene encoding thrombopoietin, MPL, or JAK2. 44 In a Japanese family with hereditary thrombocytosis, 45 affected members carried the germ line MPL (S505N) mutation, which has been reported also as an acquired somatic mutation. 31 More recently, families with hereditary thrombocytosis attributable to germ line JAK2 mutations have been described, including JAK2 (R564Q), JAK2 (H608N), JAK2 (V617I), JAK2 (R867Q), and JAK2 (S755R/R938Q). [46] [47] [48] [49] Patients with hereditary thrombocytosis might present as sporadic cases, and in the initial workup they might be diagnosed with triple-negative ET. In order to detect the germ line mutation, it is important to sequence all coding regions of JAK2 or MPL on DNA from both granulocytes and T lymphocytes (or from nonhematopoietic control tissue). Although these are rare disorders and evidence concerning treatment is lacking, individuals with hereditary thrombocytosis should probably not be given a cytoreductive treatment. 50 We confirmed these observations, showing that the absolute number of circulating CD34
1 cells is normal in most patients with PV or ET, and elevated in most patients with PMF or secondary myelofibrosis 51 : representative data are illustrated in Figure 3 . A recent study has shown that circulating CD34 1 cell count is normal or only marginally elevated in prefibrotic PMF, whereas it increases along the continuum of bone marrow fibrosis in overt PMF. 26 Patients with PMF and counts .300 3 10 6 /L are at high risk of leukemic transformation 50 : these markedly elevated counts likely include not only hematopoietic stem cells but circulating CD34
1 leukemic blasts as well.
We use flow cytometry enumeration of circulating CD34 1 cells in patients with PMF to assess the extent of abnormal stem cell trafficking, and in patients with advanced PV or ET to early detect myelofibrotic transformation. In perspective, this parameter might be used not only for improving the diagnostic or prognostication precision, but also for evaluating response to potentially disease-modifying drugs as they become available for patients with MPNs.
Clinical significance of genetic data: beyond clonal markers
The WHO classification of classical MPNs utilizes driver mutations essentially as clonal markers. 19 The specific nosologic entity is primarily defined on the basis of clinical and pathologic features: for instance, ET is defined as a combination of thrombocytosis and megakaryocytic proliferation, whereas PV is defined as a combination of erythrocytosis, suppressed endogenous erythropoietin production, and panmyelosis. The genetic lesion, for example, JAK2 (V617F), is then used as a marker of clonality, as shown in Tables 1 and 2 .
The genetic characterization of MPNs that took place in the last few years has shown that: (1) a single somatic mutation may be associated with different phenotypes depending on additional genetic or acquired factors; (2) the different driver mutations have distinct clinical effects; (3) the mutational landscape of MPNs goes beyond the 3 classical driver genes. 12, 43, 52 A number of observations are consistent with the notion that JAK2 (V617F)-mutant ET and PV represent a continuum in which it may be difficult to define boundaries. 53, 54 Although JAK2 (V617F)-homozygous subclones are found both in ET and PV patients, the expansion of a dominant homozygous subclone occurs almost exclusively in PV patients. 55 Polycythemic transformation of ET is not uncommon in clinical practice, 20, 54 and it has been clearly shown that homozygosity for human JAK2 (V617F) in knock-in mice results in a phenotypic switch from an ET-like to PV-like phenotype. 56 Thus, although there is no question that JAK2 (V617F)-mutant PV is a more aggressive disease than JAK2 (V617F)-mutant ET, it is also clear that these disorders are strictly related. In this context, it would be important to better define the relationships between ET, PV, and the so-called masked PV. 22 Clonal progression of CALR-mutant MPNs appears to be mainly associated with a progressive expansion of a mutant heterozygous clone that eventually becomes fully dominant in the bone marrow. 10, 54 Activation of megakaryocytes by mutant CALR and/or cooperating mutations is likely responsible for transition from ET to myelofibrosis. [57] [58] [59] Clonal progression of MPL-mutant MPNs may be associated with acquired copy-neutral loss of heterozygosity of chromosome 1p, involving transition from heterozygosity to homozygosity for the MPL mutation. 60 As underlined by Vainchenker and Kralovics, PMF has both myeloproliferative and myelodysplastic features, and may derive from various combinations of MPN driver mutations, cooperating mutations, and bone marrow microenvironment-related abnormalities. 12 Lundberg et al have shown that about one-third of MPN patients, mainly those with PMF, carry somatic mutations in non-MPN-driver genes, and that the presence of 2 or more somatic mutations represents a negative prognostic factor. 61 A more recent study has found that more than half of patients with PV or ET harbor mutations in non-MPNdriver genes, and that the presence of some of these mutations adversely affects overall, leukemia-free, and myelofibrosis-free survival. 62 Ortmann et al focused on MPN patients carrying both JAK2 and TET2 mutations, and studied the clinical effect of the order in which mutations are acquired. 63 As compared with TET2-first patients, JAK2-first patients were more likely to present with PV and to have a thrombotic event. More recently, the same group 64 has shown that DNMT3A mutations also may occur early or late in patients with an MPN, and that mutation order influences phenotype: overall, mutations BLOOD, 9 FEBRUARY 2017 x VOLUME 129, NUMBER 6 CLASSICAL MYELOPROLIFERATIVE NEOPLASMS 685
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Clinical use of genetic data
In our opinion, a future classification of MPNs should more efficiently integrate clinical features, morphology, and genetics along the following lines:
1. the driver mutation should be included in the definition of the specific MPN as shown in Table 1 ("Relationships between genotype, phenotype, and clinical outcome"). JAK2 (V617F)-mutant ET has a high risk of thrombosis and may progress to PV. 54 By contrast, CALR-mutant ET has a lower risk of thrombosis, but a relatively high risk of myelofibrotic transformation (especially the condition associated with type 1 mutation). 54, 68 Furthermore, CALR-mutant PMF has relatively indolent clinical course with respect to JAK2 (V617F)-or MPL-mutant PMF, and especially as compared with triplenegative PMF (see "Risk stratification in PMF"); 2. as massive parallel sequencing is increasingly used in clinical settings, somatic mutations in non-MPN-driver, comutated genes should be considered to define subgroups with distinct clinical features. For instance, in an interesting study, PMF patients with wild-type CALR and ASXL1 mutation had a median survival of 2.3 years, whereas patients with CALR mutation and wild-type ASXL1 had a median survival of 10.4 years 69 ; and 3. molecular profiling based on massive parallel sequencing also provides the assessment of the variant allele frequency, or mutant allele burden. In turn, this may allow for definition of mutation order in patients carrying both driver and non-MPNdriver mutations.
63,64
Risk stratification MPN patients are at variable risk of vascular complications, including arterial or venous thrombosis, and bleeding. In addition, a portion of patients with ET and especially of those with PV may develop secondary myelofibrosis, whereas all MPN patients may progress to a blast phase that is indistinguishable from AML, sometimes preceded by a myelodysplastic phase. 
JAK2
Somatic mutation represents a major diagnostic criterion for PV, ET, and PMF
CALR
Somatic mutation represents a major diagnostic criterion for ET and PMF
MPL
Somatic mutation represents a major diagnostic criterion for ET and PMF
Non-MPN-driver, myeloid genes
(through loss-of-function mutations, whose occurrence may chronologically precede or follow the acquisition of driver mutations, these genes contribute to phenotypic variability, phenotypic shifts, and progression to more aggressive myeloid neoplasms)
DNMT3A, TET2
Somatic mutations in these genes are typically associated with age-related clonal hematopoiesis. In MPN, these mutations may variably impact on clinical phenotype and predispose to disease progression. In patients undergoing treatments that target the myeloproliferative clone, these mutations may prevent its eradication and should therefore be monitored to assess the nature and degree of response, at least in clinical trials ASXL1 Somatic mutations are found in age-related clonal hematopoiesis. In PMF, somatic ASXL1 mutation represents an established unfavorable prognostic factor that may be associated with leukemic transformation EZH2 and other PRC2 members (SUZ12, JARID2, and EED) EZH2 deletion/inactivation has been shown to cause myelofibrosis in murine models of MPN, suggesting that EZH2 mutation may represent a mechanism of myelofibrotic transformation in ET and PV. Somatic mutation represents an unfavorable prognostic factor in PMF SF3B1, SRSF2, and U2AF1 (spliceosome genes) Somatic mutation may represent a pathogenetic mechanism of anemia or more generally of cytopenia:
in particular, somatic mutations of SF3B1 account for the presence of ring sideroblasts in MPN patients. SRSF2 mutation may be responsible for myelofibrotic transformation through downregulation of EZH2, and represents an unfavorable prognostic factor in PMF. U2AF1 mutation may be associated with leukemic transformation
TP53
Somatic mutation often represents a mechanism of leukemic transformation, typically through transition from heterozygosity to homozygosity for the mutation For personal use only. on March 16, 2017 . by guest www.bloodjournal.org From
Risk of vascular complications
So far, risk-adapted therapy in PV and ET has been essentially based on the estimate of the likelihood of thrombotic complications. Age over 60 years and a previous thrombotic event represent the 2 main risk factors for thrombosis, and these are also the criteria currently used to stratify PV and ET patients into low risk (no risk factors) and high risk (at least 1 risk factor). 70 Extreme thrombocytosis (platelet [PLT] count $1500 3 10 9 /L) represents a risk factor for bleeding because it may be associated with an acquired von Willebrand syndrome, defined by a combination of reduced ristocetin cofactor activity and normal von Willebrand factor antigen level. Table 4 includes 3 prognostic scoring systems that have been developed for patients with ET. According to the European LeukemiaNet recommendations, age $60 years, history of vascular complications, and extreme thrombocytosis are the 3 risk factors used to classify patients with ET at low and high risk of vascular complications in order to decide a cytoreductive treatment. 20 The International Prognostic Score for Essential Thrombocythemia (IPSET)-thrombosis also takes into account the major cardiovascular risk factor and the JAK2 (V617F) mutation, that is, additional factors that have been found to be independent predictors of thrombosis. 71 This model stratifies patients into 3 groups: low, intermediate, and high risk, with a respective thrombosis risk of 1.03%, 2.35%, and 3.56% of patients per year. Other studies have shown that MPN driver mutations variably impact on the risk of thrombosis in patients with ET, and that JAK2 (V617F) is a strong thrombophilic factor. Indeed, patients with CALR-mutant ET have a much lower risk of thrombosis than patients with JAK2-mutant ET and those with PV. 54 A recent practice-relevant revision of IPSET-thrombosis based on 1019 patients with WHOdefined ET has led to a 4-group risk stratification 72 : very-low risk (age ,60 years, no thrombosis history, and absence of JAK2 mutation); low risk (age ,60 years, no thrombosis history, and presence of JAK2 mutation); intermediate risk (age $60 years, no thrombosis history, and absence of JAK2 mutation); and high risk (age $60 years or thrombosis history, and presence of JAK2 mutation).
Risk stratification in ET
The IPSET prognostic model was developed in an international study on 867 subjects with WHO-defined ET. 73 Age $60 years, prior thrombosis, and leukocytosis were found to significantly affect survival, and these variables were used to construct a model that allocated patients into 3 risk categories with significantly different survival (Table 4) . Gangat et al had previously identified age $60 years, anemia, and leukocytosis as independent risk factors for inferior survival in ET. 74 Leukocytosis also has been previously found to be an independent predictor of thrombosis [75] [76] [77] : however, it is currently unclear how this information should be used in clinical decision-making.
Risk stratification in PV
As shown in Table 5 , the conventional thrombosis score for PV is based on age $60 years and history of thrombosis: the presence of either factors defines high-risk patients and represents an indication to a cytoreductive treatment.
In an international study on 1545 PV patients, survival was found to be adversely affected by older age, leukocytosis, venous thrombosis, and abnormal karyotype. 78 A prognostic model that included the first 3 risk factors identified 3 risk groups with median survivals ranging from 11 to 29 years (Table 5) .
We have previously reported that the JAK2 (V617F) allele burden varies considerably in PV, and that this contributes at least in part to determining both phenotypic manifestations and clinical course of this disorder: in particular, a JAK2 (V617F) allele burden .50% was found to represent a risk factor for progression to myelofibrosis. 79 
Risk stratification in PMF
Three prognostic models are currently used in clinical practice for prognostication and clinical decision-making in PMF: their main features are summarized in Table 6 .
The International Prognostic Scoring System (IPSS) was developed in 2009 by the International Working Group for Myeloproliferative At least 1 of the following risk factors:
• Age $60 y Low risk: age ,60 y AND no history of thrombosis or major bleeding AND PLT count ,1500 3 10
is, none of the 3 major risk factors
• Previous thrombosis or major bleeding High risk: age $60 y AND/OR history of thrombosis or major bleeding AND/OR PLT count $1500 3 10 9 / L, that is, at least 1 of the 3 major risk factors
• PLT count $1500 3 10 9 /L While low-risk patients are just followed (observation alone) or given low-dose aspirin, high-risk patients are given a cytoreductive treatment plus low-dose aspirin IPSET-thrombosis (International Prognostic Score for ET: estimates the risk of thrombosis) 71 Risk factors (weight): Low risk: 0-1 point (probability of thrombotic events: 1.03% of patients/year)
• Age $60 y (1 point) Intermediate risk: 2 points (2.35% of patients/year)
• Previous thrombosis (2 points) High risk: $3 points (3.56% of patients/year)
• Cardiovascular risk factors* (1 point) Potential therapeutic implications: (1) observation alone may be adequate in patients with no risk factors;
(2) low-dose aspirin should be used in all patients with JAK2 (V617F) and/or cardiovascular risk factors; (3) older patients ($60 y) without additional risk factors may not need a cytoreductive treatment; (4) conversely, a cytoreductive treatment may be considered in younger patients (,60 y) with JAK2-mutant ET and concomitant cardiovascular risk factors, even in the absence of previous thrombosis
IPSET (International Prognostic Score for ET: predicts survival) 73 Risk factors (weight): Low risk: 0 (median survival not reached)
• Age $60 y (2 points) Intermediate risk: 1-2 points (median survival, 24.5 y)
• Previous thrombosis (1 point) High risk: 3-4 points (median survival, 13.8 y)
• Leukocyte count .11 3 10 9 /L (1 point) *Cardiovascular risk factors include hypertension, diabetes, and active tobacco use.
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Neoplasm Research and Treatment (IWG-MRT) in a study on patients evaluated at time of initial diagnosis. The IPSS utilizes 5 independent predictors of inferior survival: age .65 years, hemoglobin ,10 g/dL, WBC count .25 3 10 9 /L, circulating blasts $1%, and presence of constitutional symptoms. As shown in Table 6 , scores define 4 risk groups (low, intermediate 1, intermediate 2, and high) with corresponding median survival of 11.3, 7.9, 4.0, and 2.3 years. 80 The IWG-MRT later developed the Dynamic International Prognostic Scoring System (DIPSS, Table 6 ), which uses the same prognostic variables but assigns 2 points instead of 1 to hemoglobin ,10 g/dL. 81 DIPSS can be applied at any time during the disease course, and modification of the DIPSS risk during follow-up of PMF patients can also predict different risks of leukemic transformation. 82 DIPSS was further refined by incorporating 3 additional DIPSSindependent risk factors (Table 6 ): unfavorable karyotype, PLT count lower than 100 3 10 9 /L, and transfusion requirement. 83 The new prognostic model, DIPSS-plus, identifies 4 risk groups with median survival ranging from 15 to 1.3 years. 83 Although the prognostic models for PMF currently used in clinical practice are essentially based on clinical and hematologic parameters, recent observations indicate that the driver mutation has an independent effect on overall survival and risk of leukemic transformation. 16, 84, 85 In our study of 617 PMF patients, median overall survival was 17.7 years in CALR-mutated, 9.2 years in JAK2-mutated, 9.1 years in MPLmutated, and 3.2 years in triple-negative patients ( Figure 4A) . Notably, triple-negative patients had much higher incidence of leukemic transformation compared with either CALR-mutated or JAK2-mutated patients. 85 The unfavorable clinical outcome of triple-negative PMF patients has been confirmed in a more recent study. 86 As a proof of concept, based on the above-mentioned study of 617 PMF patients, we developed a prognostic model that includes JAK2, CALR, and MPL mutation status in addition to the IPSS variables. As shown in Figure 4B , this model stratifies PMF patients into 5 subgroups with significantly different overall survival: this underlines the importance of integrating clinical and genetic data in order to improve the prognostication precision of MPNs.
PMF is an MPN of high genetic complexity, characterized by various combinations of driver and cooperating mutations. 12 Mutations in ASXL1, EZH2, SRSF2, or IDH1/2 have been shown to represent unfavorable prognostic factors, as these genetic lesions identify PMF patients who are at risk for premature death or leukemic transformation independent of the conventional prognostic scoring systems. 87 In addition, the number of detrimental mutations represents an additional unfavorable prognostic factor per se, with 2 or more mutations being associated with shortened leukemia-free survival. 88 Ideally, a clinical/ molecular prognostic model should include not only the MPN-driver mutations, as shown in Figure 4B , but also cooperating mutations in order to capture all clinically relevant genetic data. In addition, we have recently found that higher grades of bone marrow fibrosis correlate with unique clinical and molecular aspects, and represent an independent adverse variable in patients with PMF. 86 The main risk factors so-far identified in patients with MPNs are schematically illustrated in Figure 5 .
Response evaluation Currently defined response criteria
Response criteria for ET, PV, and PMF have been recently revised within collaborative projects of the IWG-MRT and the European LeukemiaNet 89, 90 : these criteria are primarily aimed at objectively • Age 57-66 y (2 points) High risk: $3 points (median survival, 11 y)
• Leukocyte count $15 3 10 9 /L (1 point)
• Previous venous thrombosis (1 point) • Age .65 y (1 point) Intermediate-1 risk: 1 point (7.9 y)
• Constitutional symptoms (1 point) Intermediate-2 risk: 2 points (4.0 y)
• Hemoglobin ,10 g/dL (1 point) High risk: $3 points (2.3 y)
• WBC count . Intermediate-1 risk: 1 point (6.6 y)
• RBC transfusion need (1 point) Intermediate-2 risk: 2-3 points (2.9 y)
• PLT count ,100 3 10 9 /L (1 point) High risk: 4-6 points (1.3 y)
• assessing the value of new drugs for MPNs, and therefore appear particularly useful in clinical trial settings. In addition, simple scoring methods may be used to assess symptom burden among MPN patients, in both clinical practice and trial settings. 91 Currently available treatments for ET patients are mainly aimed at minimizing the risk of thrombosis and/or bleeding. Response criteria cannot be defined in ET patients receiving low-dose aspirin, whereas the objective of treatment in those receiving cytoreductive drugs is to lower the PLT count below 450 3 10 9 /L. However, the actuarial probability of thrombosis under cytoreductive treatment is influenced by leukocytosis and not by PLT count, indicating that this latter is not of crucial relevance in response evaluation, whereas correction of leukocytosis is likely more important. 92 So far, prevention of thrombosis has also been the main goal of treatment in PV. Low-risk patients are treated with low-dose aspirin and phlebotomy, whereas high-risk patients are also given a cytoreductive treatment: in all patients, the objective of treatment is to lower hematocrit below 45%, a value that involves a significantly lower rate of cardiovascular death and major thrombosis compared with higher hematocrit values. 93 In PMF, treatment may be directed toward ameliorating anemia, reducing splenomegaly, and improving systemic symptoms 21 ; criteria 
Polycythemic transformation:
• JAK2 (V617F)
Myelofibrotic transformation:
• CALR mutation • co-operating mutations in myeloid genes
Leukemic transformation:
• co-operating mutations in myeloid genes
Survival:
• previous thrombosis
• leukocytosis • co-operating mutations in myeloid genes
Polycythemia vera
Thrombosis:
• age ≥ 60 years
Myelofibrotic transformation:
• JAK2 (V617F)-mutant allele burden>50% • co-operating mutations in myeloid genes
Leukemic transformation:
Survival:
Primary myelofibrosis
Survival & leukemic transformation:
• age >65 years • presence of constitutional symptoms
• anemia (Hb <10 g/dL) • leukocytosis (WBC count >25 x 10 9 /L) • thrombocytopenia (<100 x 10 9 /L) • circulating blasts (≥1%) • degree of bone marrow fibrosis
• unfavorable karyotype • driver mutation (triple negative vs JAK2/MPL vs CALR mutation) • co-operating mutations in myeloid genes Figure 5 . Conventional and molecular risk factors for patients with MPNs. Information is from studies discussed in the "Risk stratification" section. BLOOD, 9 FEBRUARY 2017 x VOLUME 129, NUMBER 6 CLASSICAL MYELOPROLIFERATIVE NEOPLASMS 689
For personal use only. on March 16, 2017 . by guest www.bloodjournal.org From for anemia response, spleen response, or symptoms response have been defined by the IWG-MRT. 90 
Molecular analysis of response
So far, none of the available drugs for treatment of MPNs has shown clear evidence of a disease-modifying activity. 94 However, a few studies have examined at molecular level the effect of compounds that can target the mutant myeloproliferative clone. These studies have shown that pegylated or regular interferon a can induce significant reduction in mutant allele burden in patients with JAK2 (V617F)-mutant ET or PV, 95, 96 and in those with CALR-mutant ET. 97, 98 More recently, ropeginterferon a-2b, a compound with longer elimination half-life, has been shown to induce complete molecular responses in about 20% of the PV patients treated. 99 Ruxolitinib has been found to induce complete molecular responses in patients with PMF, 100 and in patients with ET or PV who were refractory or intolerant to hydroxyurea. 101 In order to evaluate response to drugs targeting the myeloproliferative clone, mutational analysis of hematopoiesis should include both MPN drivers and comutated myeloid genes. In PV patients, interferon a was found to target JAK2 (V617F)-mutant clones without affecting TET2-mutant cells, 102 whereas in patients with CALR-mutant ET, interferon treatment was less effective in subjects with concomitant mutations in genes like TET2, ASXL1, IDH2, and TP53. 98 
Conclusions
In the past 10 years, there has been an impressive improvement in our understanding of the genetic basis of MPNs, but so far this has mainly translated into better diagnostic approaches to these disorders. Genetic data are currently used for developing innovative prognostic and predictive models, and to monitor disease response to innovative drugs that can target the mutant clone. 
